The effective potential in the MSSM at the one-loop level is used to evaluate masses of the neutral Higgs scalars and to study finite-temperature phase transition. The CP violation in the Higgs sector, which is induced by the spontaneous mechanism or by the complex parameters in the MSSM through radiative corrections, is determined at zero and finite temperatures. 
Introduction
The scenario of electroweak baryogenesis [1] requires that the electroweak phase transition (EWPT) to be of first order and that CP violation is effective at that transition temperature. The EWPT is of first order only with too light Higgs boson in the minimal standard model [2, 3] , and it is argued that CP violation in the CKM matrix cannot generate sufficient baryon asymmetry. Both the requirements, however, will be fulfilled by some extension of the standard model. The minimal supersymmetric standard model (MSSM) is one of promising candidates. When some of the scalar partners of the quarks and leptons are light enough, the EWPT becomes such a strongly first-order phase transition that the sphaleron process decouples just after it with acceptable mass of the lightest Higgs scalar [4] . Although the masses of the Higgs bosons in the MSSM are constrained by some tree-level relations, they receive large radiative corrections from the top quark and squarks [5] . This may broaden a window for successful baryogenesis by the MSSM.
The MSSM has many sources of CP violations, in addition to the KM phase, such as the relative phases of the complex parameters µ, the gaugino mass parameters and scalar trilinear couplings, which are effective to generate the baryon asymmetry [6] . Besides these complex phases, the relative phase of the expectation values of the two Higgs doublets could induce the source of baryon number [7] . This phase might be induced by radiative and finite-temperature effects near the transition temperature [8] or dynamically generated near the bubble wall created at the EWPT, which we call transitional CP violation [9] . This mechanism has been examined dynamically by solving equations of motion for the classical Higgs fields connecting the broken and symmetric phases. Then the potential for the fields are given by the effective potential at the transition temperature, which are approximated by a gauge-invariant polynomial whose coefficients are given by the effective parameters at that temperature [10] . It was shown that the contributions from charginos and neutralinos are important to trigger the CP violation in the intermediate region.
These analyses contain undetermined parameters such as the transition temperature, thickness and velocity of the bubble wall, expectation values of the Higgs fields and the magnitude of explicit CP violation at the transition temperature. These quantities should be determined by the parameters in the MSSM. Now one of our main concerns is whether the EWPT in the MSSM is of first order strong enough for the sphaleron process to decouple after it, with acceptable masses of Higgs bosons. Recent study of the two-loop resummed effective potential at finite temperature suggests that the EWPT is strong enough for 2 < ∼ tan β < ∼ 4, m A > ∼ 120GeV and a light Higgs with m h < ∼ 85GeV [11] . This and the previous analyses based on the one-loop resummed potential did not include the contributions from the charginos and neutralinos. For the parameters which admit the strongly first-order EWPT, we must examine whether efficient CP violation exists at the transition temperature. The effective potentials used in the previous study of the phase transition were functions of only the CP -conserving order parameters, so that they could not evaluate CP violation in the Higgs sector at the EWPT.
In this paper, we use the effective potential in the MSSM, which includes one-loop corrections from the top quark, top squarks, gauge bosons, charginos and neutralinos, to evaluate the masses of the neutral Higgs bosons and to examine strength of the EWPT. The masses are approximated by the eigenvalues of the matrix whose elements are given by the second derivatives of the effective potential evaluated at the vacuum at zero temperature. Although the mass formulas for the neutral Higgs bosons have been found by fully-contained one-loop calculations [12] and by two-loop calculations [13] , we adopt this method for self-containedness. Without CP violation, the minimum of the effective potential is parameterized by by the absolute value and the ratio of the VEVs of the two Higgs doublets. Extending the effective potential to include the CP -violating order parameter and employing a numerical method to search a minimum of it, we find the magnitude of induced CP violation through radiative corrections from the superparticles when some of the parameters are complex-valued. To find the transition temperature T C and the magnitude of the VEVs of the Higgs fields at T C , we numerically calculate the effective potential without use of the high-temperature expansion [14] , and use the same numerical method as in zero-temperature case to search a minimum of the effective potential. CP violation in the Higgs sector will provide a boundary condition for the equations which dynamically determines the profile of the bubble wall [15] . This paper is organized as follows. In Section 2, we derive formulas for the neutral Higgs boson masses in the MSSM in the absence of CP violation and a numerical method is introduced which can be applied to the case with CP violation. The method is extended to the effective potential at finite temperature in Section 3. Numerical results on the masses of the Higgs scalars and transition temperature and strength of the EWPT are summarized in Section 4. Section 5 is dedicated to concluding remarks. The formulas for the derivatives of the effective potential are summarized in the Appendix. 5) so that CP is conserved. The effective potential at the one-loop level is given by
where
is the sum of the one-loop corrections. Each term is given as follows.
where which was renormalized by the DR-scheme. The renormalization scale M ren will be taken to be the weak scale. The masses-squared in (2.8) and (2.9) are given by
The expressions of the derivatives of ∆V (v) are summarized in the Appendix. In addition to the evaluation of the masses by use of these formulas, we adopt a fully numerical method. In this method, the effective potential defined by (2.6) is calculated at every v = (v 1 , v 2 , v 3 , v 4 ), where the mass eigenvalues are evaluated numerically. For a given set of (v 0 , tan β) and m 2 3 , the mass parameters in the Higgs potential are determined by (2.18) . The minimum of the effective potential is searched by use of the downhill simplex algorithm [16] starting from a randomly generated simplex in the restricted space of (v 1 , v 2 , v 3 ) with v 4 = 0. Once the minimum is found, the second derivatives of the effective potential with respect to (v 1 , v 2 , v 3 , v 4 ) are numerically evaluated. We have checked, in the absence of CP violation, that the minimum coincides with the prescribed (v 0 , tan β) and that the four-by-four matrix of the second derivatives is completely divided into to the two sectors of CP eigenmodes and the eigenvalues coincides with those obtained by use of the formulas above. This numerical method can be applied to the case with CP violation. In the presence of CP violation such as the relative phases of complex parameters, CP -violating order parameter v 3 is induced and the CP eigenstates of the Higgs sector mix to make the mass eigenstates.
Finite-Temperature Effective Potential
At finite temperatures, the one-loop corrections in (2.8)-(2.12) are modified to include the finite-temperature effects:
3)
where the functions I B (a 2 ) and I F (a 2 ) are defined by
The effective potential at finite temperature is calculated at each v by numerically evaluating the mass-squared eigenvalues and inserting them into the expressions (3.1)-(3.5). The integrals defined in (3.6) are numerically calculated without use of the high-temperature expansions [14] . For a given set of parameters, the minimum of the effective potential is searched at various temperatures by the method stated in the previous section. Near the transition temperature, several numbers of starting simplexes are generated and the minimum reached starting from each simplex is found. The temperature at which two degenerate minima are found is defined to be the transition temperature T C of the first-order EWPT.
Then we examine whether the condition is satisfied for the sphaleron process to decouple just after the EWPT [17] 
If v C = 0, the EWPT is of second order. We executed this minimum search for various sets of parameters to find the order of the EWPT and T C , and measured v C and tan β at T C when the EWPT is of first order.
Numerical Results

CP -conserving case
Among many parameters in the MSSM, the mass parameters m Before presenting the numerical results on the Higgs masses and CP violation, we note that the contributions from the charginos and neutralinos are not negligible compared to those from the top quarks and squarks. For example, consider the contributions to the first Table 1 : Contributions to the equations relating the mass parameters in the Higgs potential to the VEVs of the Higgs fields from the stop and charginos. (tan β, µ) = (2, −20GeV) and (tan β, µ) = (5, −50GeV) correspond to the zero stop mixing case. 
. The contributions from the gauge bosons is smaller than those from the top quark, since for tan β = 5 is the same order as m χ ± , there is no reason for the stop contribution to become much larger than the chargino contributions. Now let us denote
and calculate them for M 2 = 300GeV. Several numerical values are presented in Table 1 . This suggests that when M 2 ∼ |µ| ∼ mt L , ∆tm 
χ /R χ and n (2) χ /R χ for the stops and charginos, respectively. For the case of tan β = 5, µ = −300GeV and mt R = 0 in Table 1 , n and µ = −300GeV, we have
which are the same order as the chargino contributions. As for the second derivatives, we find that the contributions from the charginos and neutralinos are the same order as those from the stops for the parameters we adopted in the numerical analyses. We also observed that if we omit ∆ χ ± V (v) and ∆ χ 0 V (v) to determine m > 65.7GeV [18] , which restricts µ and M 2 . According to the tree-level mass formula (A.21), the mass is plotted as a function of M 2 and µ in Fig. 1 . This shows that the lower limit is satisfied for the whole range of M 2 we studied, if we take |µ| > ∼ 100GeV. The limits on the masses of the lighter Higgs scalar and pseudoscalar are now m h > 62.5GeV and m A > 62.5GeV [18] , although more stringent bounds are reported m h > ∼ 75GeV [19] . The results on m h are plotted in For µ = 300GeV, in the blank region at small m A and large M 2 region, the point v = (v 0 cos β, v 0 sin β) is not a local minimum but a saddle point. This region is broader for larger tan β, which corresponds to smaller top Yukawa coupling. This is because for larger M 2 , the contributions from the charginos and neutralinos to the effective potential, which are negative, dominate over the bosonic contributions and make the vacuum unstable. For tan β = 2, the experimental bound on m h is satisfied for m A > ∼ 200 − 300GeV, depending on µ and M 2 . For tan β ≥ 5, it is satisfied for m A > ∼ 100GeV.
At finite temperatures, the minimum of the effective potential differs from that at zero temperature. What we concern here are the order of the EWPT and transition temperature T C , at which two minima of the effective potential degenerate, and the location of the minimum at T C when it is of first order. These are important ingredients for the Dependences of v C /T C , tan β(T C ) and the masses on mt R are plotted in Fig. 8 . The condition for the sphaleron decoupling after the EWPT (3.7) is satisfied for mt R < ∼ 75GeV, for which m h < ∼ 64GeV and m A ≃ 239GeV. The transition temperature varies from T C = 77.3GeV (mt R = 0) to 88.7GeV (mt R = 120GeV) monotonously. tan β at T C is almost independent of mt R and remains to be the zero temperature value.
For tan β = 5, we have taken m 2 3 = 3050GeV 2 and 4624GeV 2 , which correspond to m h ≃ 62.5GeV and 80GeV, respectively. T C is monotonously decreasing with respect to mt R and for the former case, 93.2GeV ≤ T C ≤ 100.5GeV, while 93.0GeV ≤ T C ≤ 100.2GeV for the latter case. Dependence of T C on m 2 3 , so that on m A , appears to be weak. v C /T C , tan β(T C ) and the masses are plotted in Fig. 9 and Fig. 10 . The condition (3.7) is satisfied for mt R < ∼ 50GeV. tan β at T C receives finite-temperature corrections to become about 20% larger than the zero-temperature value for the case of the larger m A .
For tan β = 20, we adopted m In order to determine the profile of the bubble wall created at the first-order EWPT, we must know the global structure of the effective potential at T C . As an example, we show the contour plot of the effective potential at T = 0 and T = T C for the case of tan β = 5, m 2 3 = 4624GeV and mt R = 0 in Fig. 13 . This shows that two degenerate minima at T C is connected by a valley with almost constant tan β(T C ) ≃ 6. This is also the case for the other sets of the parameters we studied. Some of the baryogenesis scenarios based on the MSSM requires that tan β varies spatially around the bubble wall.
But this result implies that tan β remains to be almost constant around the wall.
CP -violating case
In the MSSM, there are many sources of CP violation other than the phase in the CKM matrix. Among them are relative phases of the complex parameters µ, A t , M 2 and M 1 . These also induce CP violation in the Higgs sector, which is the relative phase θ of the VEVs of the two Higgs doublets. This θ together with the other CP -violating phases affect such observables as the electric dipole moment of the neutron. Hence knowledge of θ is necessary to find bounds on the phases of the complex parameters in the MSSM. MSSM it inevitably accompanies a too light scalar [20] . We found that this is the case. Indeed if we take tan β = 5 and mt R = 0 and tune m 2 3 = 2113.3GeV 2 , the effective potential has two degenerate minima which correspond to θ = ±0.318 and tan β = 4.917. Then the lightest scalar mass is 12.9GeV, which differs from any mass from the mass formulas because of large mixing of the CP eigenstates. Now we study the effect of explicit CP violation in the complex parameters on the CP violation in the Higgs sector. As the first example, we take tan β = 5, mt R = 0, m θ, tan β and masses of two light bosons on δ µ is shown in Fig. 15 . The induced CP phase is fitted to θ = 0.8885 · δ 2 , which has the same sign as the original δ 2 . Since the physical CP phase in the mass matrix (2.16) is δ 2 + θ, the CP -violating phase is enhanced by the radiative corrections. In the scenario of the electroweak baryogenesis, the CP violation around the bubble wall is a key ingredient and it is determined by solving the equations of motion with the effective potential at T C . Then the VEVs in the two degenerate minima provide the boundary conditions to these equations. Although spontaneous CP violation at T ≃ T C could occur, it would accompany a too light scalar at zero temperature. Any way, an explicit CP violation is necessary to resolve degeneracy in energy of the CP -conjugate pair of the bubble walls, otherwise no net baryon asymmetry would survive the EWPT. For the same parameters as the zero temperature case, we plot in Fig. 16 dependences of the induced CP violating phase θ and tan β on the phase of the µ-parameter. The behaviors of θ and tan β are almost the same as those at zero temperature, but θ = 0.8862 · δ µ .
Discussion
We have studied the masses of the neutral Higgs bosons and the electroweak phase transition of the MSSM by use of the one-loop effective potential. For the parameters we adopted, the contributions from the charginos and neutralinos are shown not to be negligible. We have found that the EWPT is of so strongly first order that the sphaleron process after it decouples, for mt R < ∼ 75GeV when tan β = 2, m h = 62.8GeV and m A = 239GeV, for mt R < ∼ 50GeV when tan β = 5, m h = 62.8GeV and m A = 70GeV, for mt R < ∼ 53GeV when tan β = 5, m h = 80GeV and m A = 114GeV, for mt R < ∼ 46.7GeV when tan β = 20, m h = 62.7GeV and m A = 62.6GeV, and for mt R < ∼ 46.8GeV when tan β = 20, m h = 80GeV and m A = 81GeV. These bounds on mt R almost correspond to a bound on the lighter stop mass mt 1 ≤ m t . For the parameters which permit strongly first-order EWPT, we have investigated tan β at the transition temperature. It receives larger temperature-corrections for larger tan β at zero temperature, which corresponds to smaller Yukawa coupling of the top quark. This suggests importance of finite-temperature contributions from the particles other than the top quark and squarks. We also studied CP violation in the Higgs sector, which is characterized by the relative phase θ of the expectation values of the two Higgs doublets. As is well known, the spontaneous mechanism to generate θ accompanies a too light scalar. An explicit CP violation in the complex parameters induces θ of the same order and sign as itself, through radiative and finitetemperature corrections. This implies that the physical phases in the mass matrices of the chargino, neutralino and stop are enhanced by the complex phases which are originally contained in these matrices. Hence one must take this effect into account to find bounds on the parameters in the MSSM obtained from such data as the neutron EDM.
Some of the mechanism of electroweak baryogenesis in the MSSM requires tan β to vary spatially. But at the transition temperature, it stays almost constant at tan β(T C ).
Then viable scenarios of the electroweak baryogenesis rely on spatially varying θ and/or |v| in the presence explicit CP violation. The spatial dependence of θ and |v| around the bubble wall created at the EWPT is examined in [15] . The values of these variables in the broken phase at T C obtained here will serve as the boundary conditions to the dynamical equations for (θ(x), |v(x)|). These functions in the MSSM will be studied elsewhere [21] .
In this paper, we extensively used the one-loop effective potential for self-containedness. Extension to the two-loop resummed potential would be straightforward. The two-loop resummed potential without the contributions from the charginos and neutralinos yields strongly first-order EWPT for a wider range of parameters than the corresponding oneloop potential [11] . We expect that if the higher-order effects are taken into account, the effective potential including the contributions from all the particles in the MSSM will provide strongly first-order EWPT for a broader region in the parameter space than that investigated here.
A.1 gauge bosons
The contributions to the effective potential is given by (2.8). Its first derivatives at the vacuum are
It is straightforward to calculate the second derivatives:
A.2 top quark
Since the contribution from the top quark (2.9) is independent of v 1 , any derivative with respect to v 1 vanishes. 6) and
A.3 top squarks
The stop contribution is given by (2.10), in which the mass eigenvalues are
(A.10)
The first derivatives are given by
where the first derivatives of the stop mass-squared evaluated at the vacuum are
The general expression for the second derivatives is given by
The relevant second derivatives to this expression are
A.4 charginos
The derivatives of (2.11) are evaluated in the same manner as the case of the stop. The mass-squared eigenvalues are
The first derivatives of the corrections to the effective potential is given by a similar expression to (A.11), in which the relevant derivatives of the masses-squared are
The second derivatives have the same form as (A.16) except for the overall coefficient. The relevant second derivatives are given by 
A.5 neutralinos
Although the neutralino contribution to the effective potential is given by (2.12) in terms of the mass eigenvalues, it is difficult to work out its derivatives, since the eigenvalues have complicated forms. To avoid this complexity, we return to the original form of the neutralino contribution: where 
